III-nitride based devices have exhibited phenomenal performance in ultraviolet to visible light-emitting diodes, lasers, ultraviolet detectors, and field effect transistors in past decades.
1 Despite the developments, there is a need to improve the device performance and reliability, particularly in light-emitting diodes for general lighting applications, which in turn require reduction in extended and point defect densities. In this vein, a variety of methods which mainly rely on epitaxial lateral overgrowth 2 ͑ELO͒ have been developed. With ELO ͑Ref. 2͒ the dislocation density has been reduced to mid-10 6 cm −2 . The only disadvantage of ELO is that it requires ex situ photolithography and therefore interruption of growth and possible impurity incorporation. Recently, techniques based on microscale ELO using in situ deposited SiN x nanonetwork, [3] [4] [5] [6] [7] ex situ TiN x network, 8 and porous SiC ͑Ref. 9 and 10͒ have drawn a certain degree of attention. A systematic study of single and double SiN x nanonetwork schemes has been reported on SiC substrates. 11, 12 However, only a cursory optimization of the SiN x layer was undertaken and the layers were characterized mainly for their structural properties by transmission electron microscopy ͑TEM͒ study. 13 In this letter, we report on the effect of SiN x interlay deposition conditions as it relates to mainly the electrical properties of GaN grown on 2 in. sapphire substrates with mention of the x-ray diffraction data, photoluminescence data, and dislocation density.
GaN epilayers were grown in a vertical low pressure metal organic chemical vapor deposition ͑MOCVD͒ system. The structures of the samples investigated in this letter are described in Fig. 1 . After a low temperature GaN nucleation layer, ϳ1 m GaN was deposited followed by SiN x deposition without interruption and 4.5 m undoped GaN film. All samples were unintentionally doped, and the only difference between samples was SiN x deposition times which varied from 0 ͑reference͒, 3, 4, to 5 min. After growth, the surface features of all the samples were investigated using scanning electron microscopy ͑SEM͒, and a high resolution x-ray diffraction ͑XRD͒ system ͑X'Pert-MPDTM, Philips͒ was used to examine the crystalline quality. Schottky diode ͑SD͒ current-voltage ͑I-V͒ and capacitance-voltage ͑C-V͒ were measured by using Keithly 4200 and HP ͑Agilent͒ 4284A.
Planar SDs were fabricated using standard photolithography. Before metallization, all samples were cleaned in acetone, methanol, and de-ionized ͑DI͒ water in ultrasonic bath, followed by boiling aqua regia cleaning for 20 and 5 min DI water rinse. Ti/ Al/ Ti/ Au ͑30/ 100/ 30/ 100 nm͒ Ohmic contacts were deposited by e-beam and thermal evaporations, followed by a 60 s rapid thermal annealing at 900°C in nitrogen ambient. Finally, 200 m diameter Ni/ Au ͑30/ 120 nm͒ SDs were deposited by e-beam evaporation. The distance between SDs and Ohmic contacts was 50 m.
The effect of SiN x deposition condition on epitaxial structural quality was characterized from the full width at half maximum ͑FWHM͒ values of XRD ͑0002͒ and ͑1012͒ rocking curves. As shown in Fig. 1 out SiN x nanonetwork are 252 and 405 arc sec, which were comparable to other reports.
14 When the SiN x nanonetwork was used, the FWHM values were decreased dramatically especially for the asymmetric ͑1012͒ diffraction. When the SiN x deposition time was increased from 3 to 5 min, ͑0002͒ and ͑1012͒ FWHM values decreased from 246 and 345 arc sec to 217 and 211 arc sec, respectively. Compared to the reference sample, the FWHM value of the ͑1012͒ diffraction was reduced nearly by half, indicating a significant improvement of film quality. Since the FWHM values of ͑0002͒ and ͑1012͒ are correlated to screw-type and edgetype dislocations, respectively, our XRD data suggest that SiN x nanonetwork can reduce edge-type dislocation density effectively, which is consistent with the earlier study on SiC substrates. 11 The mechanism of dislocation reduction by SiN x nanonetwork is to reduce the nucleation sites, in other words, grains will be larger. This is confirmed by Fig. 2 , which shows SEM surface images of GaN after in situ hydrogen etching at 1000°C in the MOCVD chamber. Using  Fig. 2 , we get a typical grain size of less than 0.5 m with a density of 3.2ϫ 10 8 cm −2 for the reference sample without SiN x . On the other hand, with 5 min SiN x deposition, the grain size increases dramatically to over 3 m with a density of 9.6ϫ 10 6 cm −2 . Preliminary TEM investigations indicate very effective blocking of edge dislocations by the SiN x nanonetwork, lowering the density to about 10 7 cm −2 . The method was also effective in reducing the screw dislocations whose density stood below mid-10 7 cm −2 . From the discussion above, we can conclude that further increases in the SiN x deposition time will result in more effective dislocation reduction up to a point. However, much thicker GaN over layers or modified growth conditions are needed for coalescence as the SiN x deposition time deposition time is increased. In our case, when SiN x deposition time was less than 4.5 min, 3 m overgrowth is sufficient to achieve smooth surfaces, but 4.5 m overgrowth is the minimum requirement to get coalesced surfaces for 5 min SiN x deposition. When SiN x was deposited for 6 min, we could not get coalesced surface even at 10 m regrowth under current growth condition employed. The possible reasons are the unoptimized lateral overgrowth rate when islands with ͑1101͒ prismatic planes were formed 15 as well as the longer distance between nucleation sites.
Turning our attention to electrical characterization, typical room temperature I-V characteristics of Ni/ Au SDs are plotted in Fig. 3 . As we can see, the saturation current decreases monotonously with increasing SiN x deposition time from 0 ͑the control sample͒ to 5 min, which means that the effective Schottky barrier height increased owing to shallow defect reduction. Meanwhile, the series resistance and ideality factor also decreased when longer SiN x deposition times were used. Based on the thermionic emission model, the forward current density at V Ͼ 3͑kT / q͒ has the form 1,16
where the saturation current J s is expressed as
where A ** is the effective Richardson constant 1 with a theoretical value of 26.4 A / cm 2 /K 2 , B is the barrier height, and n is the ideality factor.
From Eqs. ͑1͒ and ͑2͒, we calculated the barrier height and ideality factor, which are listed in Table I . For the sample without the SiN x nanonetwork, the barrier height is 0.76 eV. When the SiN x deposition time is increased, the barrier height increases from 0.84 eV ͑3 min SiN x ͒ to 1.13 eV ͑5 min SiN x ͒. At the same time, the ideality factor reduces from 1.3 ͑no SiN x ͒ to 1.06 ͑5 min SiN x ͒, which indicates that the SDs are nearly ideal in samples grown with the SiN x nanonetwork. Incidentally, this improved value is consistent with work function of Ni ͑5.2 eV͒ and electron affinity of GaN ͑4.1 eV͒. In the literature, a value of 1.099 eV ͑Ni͒ barrier height was achieved only after GaN surface was treated by ͑NH 4 ͒ 2 S x , 17 which is known to passivate the surface defects temporarily. Our results indicated that the Ni Schottky barrier height is very sensitive to the crystalline quality and the excess current is most likely related to the point defects already present in the film, as opposed to being induced during processing as suggested earlier. 18 The reverse bias I-V characteristics are also shown in Fig. 3 . It is obvious that when no SiN x nanonetwork is used, the reverse leakage current is much larger than those in samples with the SiN x nanonetwork. Consistent with the trend of Schottky barrier height, at low reverse bias ͑Ͻ−10 V͒ the leakage current decreases when SiN x deposition time increases. At −10 V, the leakage currents are 1 ϫ 10 −11
, 3.3ϫ 10 −9 , and 1.2ϫ 10 −8 A for 5, 4, and 3 min SiN x nanonetworks, respectively. However, when the reverse bias is higher ͑Ͼ−20 V͒, the sample with 3 min SiN x nanonetwork exhibits the lowest leakage current. A more complex current leakage mechanism may play a role here. Nevertheless, it is fair to state that when the SiN x nanonetwork is used, the leakage current is significantly reduced as compared to the control sample without SiN x nanonetwork.
To increase our confidence in the Schottky barrier height data, we also performed temperature dependent I-V measurements, which led to the activation energy in temperature range of 300-500 K, and results are listed in Table I . The barrier heights calculated from the Richardson plot using Eq. ͑2͒ are consistent with the room temperature values for each sample. On the other hand, the calculated effective Richardson constant is much smaller than the theoretically expected value, which is commonly reported in literature.
1 As we can see in Table I , effective Richardson constant is also related to the crystal quality, and obviously further work is required to shed light on the discrepancy between measured and theoretical values endemic to GaN.
To further evaluate the quality of SDs, the reverse breakdown voltages were measured and are shown in Fig. 4 . For voltages less than 210 V, we used a Keithly 4200 parameter analyzer. For voltages larger than 210 V, we used a high voltage power supply and continuously increased the bias manually until breakdown. A remarkable improvement of the breakdown was achieved with SiN x nanonetwork. As can be seen in Fig. 4 , the breakdown voltage was −76 V for the reference sample. When 3 min SiN x nanonetwork was used, it increased to −250 V. This value is comparable to Schottky rectifiers fabricated on bulk 19 and thick hydride vapor phase epitaxy 20 GaN in planar structures without a guard ring or surface passivation. In all the samples with different SiN x deposition times, the breakdown was observed larger than 210 V, while the 3 min one showed the best uniformity and lowest leakage current at −210 V. This is consistent with the reverse bias I-V characteristics, as shown in Fig. 3 . Considering the similar background doping, leakage current at high reverse bias seems related to the thickness after coalescence. Since a shorter SiN x deposition allows coalescence with ease, the top layer after coalescence is much thicker for the 3 min SiN x deposition than for the 5 min one. However, the real mechanism of leakage current at high reverse bias still needs further investigation.
In summary, the effect of SiN x nanonetwork deposition conditions, mainly the deposition time, on the electrical properties of AuNi/ GaN SDs has been investigated. When 5 min SiN x nanonetwork was used, nearly ideal SDs were achieved with a barrier height of 1.13 eV and ideality factor of 1.06. Reverse breakdown voltage was also improved to 250 V with SiN x nanonetwork as compared to 76 V for the control sample. The structural properties of GaN were studied using XRD measurement, and by optimization of SiN x deposition time, FWHM values of ͑0002͒ and ͑1012͒ diffractions, as low as 217 and 211 arc sec, were achieved. Consistent with the aforementioned trend is that the photoluminescence line width of the donor bound exciton reduced to 2.5 from 6.7 meV for the control at 15 K, and both free excitons A and B became clearly resolved. Further, the total dislocation density reduced to about mid-10 7 cm −2 based on plan view TEM imaging. This work also supports what is already well known in that the crystalline quality strongly affects the Schottky diode characteristics.
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